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A BSTRA CT

Effect of Heat Treatment on Deformation and Corrosion Behavior of
Type 422 Stainless Steel

by
V enkata N agarjuna Potluri
Dr. Ajit K. Roy, Exam ination Com m ittee chair
Associate Professor of M echanical Engineering
U niversity o f N evada, Las Vegas

High tem perature tensile properties of quenched and tempered martensitic Type 422
stainless steel, a target structural material, have been evaluated in this study at
tem peratures ranging from am bient to 600°C as a function of three different tem pering
times. Results of tensile testing indicate that the ultim ate tensile strength, yield strength
and failure strength were gradually reduced with increasing temperature. However, as
expected, the ductility param eters were enhanced due to increased plastic flow at elevated
temperatures. The results o f stress corrosion cracking tests perform ed by slow strain rate
technique in the 90 C acidic solution revealed higher failure stress and reduced ductility
to some extent for specimens tem pered for longer time. The results o f localized corrosion
studies conducted by cyclic potentiodynam ic polarization technique indicate that the
critical corrosion potential becam e m ore active (negative) at higher testing tem perature in
specimens exposed to both neutral and acidic environm ents. Evaluation of the prim ary
fracture face by scanning electron m icroscopy revealed more cracks at ambient
tem perature with sm aller plastic zone size. Increased ductility was observed at elevated
temperatures showing larger dim pled areas.
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C H APTER 1

IN TRO DU CTIO N
N uclear energy is the w orld’s m ost efficient source of pollution free energy. In the
United States, nearly 20% of the needed electricity is currently being produced from
nuclear pow er using roughly 100 operating nuclear reactors. These operating reactors will
create about eighty seven thousand metric tons o f discharged or spent nuclear fuel over
the course of their life times.*^^ The disposal of spent nuclear fuel (SNF) and high-level
waste (HEW ) poses a severe challenge to all nuclear pow er generating nations. Scientists
w orldwide agree that the safest w ay to m anage these materials is to dispose of them deep
underground in what is called a geologic repository. O ver the past two decades
significant efforts are ongoing to dispose H EW and SNF in a proposed geologic
repository located at the Yucca M ountain site near Las Vegas, Nevada. 77, 000 metric
tons o f nuclear waste is destined for geologic disposal in this repository. Conservative
projections in the com ing decades indicate that by the year 2050, almost I million tons of
nuclear w aste requiring disposal could exist worldwide. Such projections would indicate
a need to build and com m ission a repository of the scale of the Y ucca M ountain disposal
site in every 3 to 4 years, which is highly expensive.
Several unstable nuclei present in the SNF can render these materials quite
radioactive for a prolonged period of time. Approximately 1% of this SNF is made up of
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transuranic elem ents like am ericium (Am), plutonium (Pu), N eptunium (Np), and curium
(Cm). Some long-lived isotopes of Iodine and Technetium , created as fission products in
nuclear pow er reactors can also be present. Some of these elements will remain
radioactive for a few years, while others will be radioactive for m illions o f years. D ue to
this fact, the process of disposing o f the SNF carries an obligation to isolate these
materials from the environm ent for periods up to 10,000 years. The concepts used in SNF
managem ent are shown in Figure I I. [Such a long duration of disposal challenges m an’s
abilities to engineer long-lasting containers and barriers, and therefore, force some
reliance on predictions of geologic behavior o f SNF to ensure the desired long term
isolation o f radioactive species from the repository environm ent] W hen transuranic
elements are rem oved from the discharged fuel, the toxicity of the SNF drops below that
of natural uranium ore. Rem oval of plutonium and other transuranics from these
radioactive materials can also eliminate many pressing issues related to long-term
geologic disposal. In brief, a m ajor nuclear w aste-disposal challenge is then driven by a
relatively small am ount of long-lived radioactive materials. In view o f this rationale,
significant attention is currently being focused on reducing the half-lives of these nuclear
fuels by a process known as transm utation. Transm utation refers to the transform ation of
spent nuclear fuel, and occurs when the nucleus of an atom changes due to the natural
radioactive decay, nuclear fusion, neutron

capture, or other nuclear processes.

Transm utation can be defined as the transform ation o f one isotope into another by
changing its nuclear structure. The most effective nuclear process that can be used for
transm utation o f radiotoxic isotopes is neutron absorption that can reduce the long-lived
actinides and fission products from SNF discharged from the operating nuclear reactors.
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It can naturally occur through radioactive decay, or the fission and neutron capture
process can be hastened by using nuclear reactors or particle accelerators. The principles
of Transmutation are illustrated in Figure 1.2
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Figure. 1.2 Transm utation process
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The one o f the candidate transm utation process involves bom barding a target material
by protons generated by an accelerator, thereby producing neutrons. These neutrons are
then im pinged upon HLW and SNF at very high speeds ejecting the highly radioactive
isotopes and fission products, thus, m inim izing or elim inating them. D ue to this process,
the half-lives of these radioactive m aterials can be significantly reduced. This reduction
in half-lives would enable the disposal of HLW and SNF for shorter durations in the
proposed geologic repository.^^^ The three m ajor benefits of transm utation of nuclear
waste are the following.
•

The am ount of long-lived actinides and the disposal period could be substantially
reduced. It could also m inim ize the necessity for geologic and clim atic controls in
the distant future, thus, reducing the disposal period inside the proposed
repository.

•

The partitioning and transm utation process could allow for the use of optimized
w aste forms that could be highly resistant to leaching and other natural processes
that may release hazardous substances inside the repository.

•

By transm uting most o f the transuranics, such as plutonium , the necessity for
future generations to em place SNF/HLW

inside the repository could be

significantly reduced.
Neutrons used for the transm utation process are generated by using accelerator-driven
protons and target m aterials in which neutrons are produced by means of spallation. High
pow er accelerators com bined with spallation sources can produce a large num ber of
neutrons. Target m aterials used in neutron generation are generally heavy materials like
tungsten, lead, and lead-bism uth-eutectic (LBE). Structural material that can be used to
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contain the target materials may be subjected to high temperatures in the regim e o f 400600°C. LBE, which is highly corrosive in nature has been proposed to be a spallation
target producing source neutrons from the incident proton beam s, and sim ultaneously
acting as a blanket coolant, thus rem oving the generated heat. M ajor challenges to be
experienced by the LB E containing structural material are its capability to resist the high
tem perature deform ation and corrosive degradation while in contact with this molten
target material at elevated tem peratures. Therefore, this investigation is aim ed at
evaluating the high tem perature deform ation behavior and corrosion resistance of a
candidate target structural material for transm utation application.
This investigation presents the results of elevated temperature tensile testing o f Type
422 stainless steel, which is one o f the proposed target structural materials for
transm utation of SNF and HLW . The results o f stress corrosion cracking (SCC) and
localized corrosion studies, perform ed in aqueous environments, will be presented in the
upcom ing sections. M etallurgical m icrostructures, and the extent and m orphology of
failures, analyzed by optical m icroscopy and scanning electron m icroscopy (SEM),
respectively will also be presented. In essence, an attempt has been made to develop a
fundamental understanding of high-tem perature deformation and environm ent-induced
degradation o f Type 422 stainless steel.
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CHAPTER 2

M ATERIALS, TEST SPECIM ENS AND ENVIRONM ENTS
2.1 M aterial
The material tested in this study is martensitic Type 422 stainless steel (SS), that falls
under the category of 9-12% chrom ium steel such as Type 410 and 420. This alloy can be
heat treated to various strength levels, up to a m axim um of 250,000 psi. Good corrosion
and oxidation resistance can be achieved with this alloy. M artensitic stainless steels are
essentially alloys of chrom ium and m olybdenum that can possess a body-centered cubic
(bcc) or body-centered tetragonal (bet) crystal structure in the hardened condition. The
medium carbon content in the martensitic stainless steels enables the developm ent of the
desired m etallurgical microstructures and properties resulting from hardening and
tempering. The chromium and carbon contents are balanced to ensure a fully-tempered
m artensitic m icrostructure follow ing hardening and subsequent tempering. The presence
of m olybdenum can enhance the mechanical properties and the localized corrosion
resistance. The corrosion resistance o f this alloy is very similar to that of Type 403 SS.
The typical physical, thermal and other mechanical properties o f Type 422 SS are
sum m arized in Table 2 .1.1
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Table 2.1.1 General Properties of Type 422 SS
Property

V alues

M elting Range

2675-2700 F

Sp ecific Heat

O .llB tu per (Ibf)

D iffusivity

0.27 sq ft per hr

Electrical R esistivity (M icrohm -in)

at 7 0 0 F - 2 4 . 3

(3)

at 800 F - 2 3 . 9
at 900 F - 2 3 . 7
M agnetic Perm eability

at 7 0 0 F - 8 5

at 100 oersteds

at 800 F - 7 5
at 900 F - 9 3

Thermal C onductivity, Btu ft per (hr sq ft F)

RT
800 F

13.8
- 15.8

1200 F - 16.3

D ensity

0.280-0.281 lb per cu in, 7.7 8 -7 .8 0 gr per cu
cm

M agnetic Properties

A lloy is ferrom agnetic

P o isso n ’s Ratio

0.23

Experim ental heats of Type 422 SS were melted at the Tim ken Research Laboratory,
Canton, Ohio, by a vacuum -induction-m elting practice follow ed by a process that
included forging, hot rolling and cold deformation. Subsequently, this material was
therm ally-treated to produce the desired metallurgical microstructure. Initially, all test
m aterials w ere austenitized at 1850° F (621° C) in a Lindberg furnace, follow ed by oil
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quenching. Since this quenched m icrostructure can lead to significant hardening, and can
produce brittleness in the test materials, the austenitized and quenched materials were
further tem pered for periods of 1.25, 1.75 and 2.25 hours at 1150°C followed by aircooling to relieve the internal stresses resulting from the fast cooling . These tempering
operations allowed the developm ent of fully-tem pered and fine-grained martensitic
microstructure

without the

formation

of

any

retained

austenite.

This

type

of

microstructure is com m only recom m ended to produce the best corrosion resistance of
Type 422 SS when subjected to highly corrosive environm ents. The purpose o f using
three different tem pering times was to evaluate the effect of variable tem pering time on
the resultant microstructure and mechanical properties. The chemical com positions of
two different heats of Type 422 SS incorporated in this program are shown in Table 2.1.2

Table.2.1.2 Chem ical Com position for 422 Stainless Steel Heats
Heat
No.

c

Mn

P

S

Si

Cr

Ni

Mo

Cu

V

w

Cb

B

2051

0.21

0.55

0.013

0.005

0.51

12.83

0.73

0.98

0.002

0.22

0.93

-

-

2053

0.20

0.54

0.012

0.004

0.49

12.76

0.74

0.97

0.002

0.22

0.92

-

-

Ce

2.2 Test Specimens
The heat-treated materials, in the form of round bars, were subsequently machined to
fabricate cylindrical specimens having 4-inch total length, 1-inch gage length and 0.25inch gage diameter, as illustrated in Figure 2.2.1. These specimens were m achined in
such a way that the gage section was parallel to the longitudinal rolling direction. A gage
length to gage diam eter ratio (1/d) o f 4 was m aintained during machining of the tensile
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specimens according to the ASTM Designation E

The configuration o f the smooth

cylindrical specim ens used in the evaluation of both the mechanical properties and the
SCC resistance is shown in Figure 2.2.1. Specimens for localized corrosion studies were
also m anufactured from the heat treated materials according to the ASTM designation
G 5.^^' Since the corrosion behavior o f a material depends on the surface finish o f the test
specimens, the polarization specimens were properly polished using fine-grit sand papers
prior to their testing. The schematic view of the polarization specim en is shown in Figure
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Figure 2.2.1 Configuration of Tensile Specimen
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Figure 2.2.2 Schem atic D rawing o f Polarization specimen

2.3 Test Environm ents
As m entioned earlier, the target structural material will be in contact with the molten
LBE during the transm utation process. Since U NLV does not have an experimental
facility to conduct corrosion studies in the presence of a molten metal, the corrosion
testing of Type 422 SS is being conducted at the Los Alamos National Laboratory
(LANL) using its LBE loop. However, the corrosion studies at UNLV were performed
using aqueous environm ents of different pH values at ambient and elevated temperatures
to establish baseline corrosion data. The com positions of the testing environm ents are
given in the Table 2.3.1. A m bient tem perature tensile properties were perform ed in air
using an M TS machine. For tensile testing at elevated temperatures (100-600°C), an inert
atmosphere consisting of nitrogen was continuously maintained inside the furnace
cham ber w hile straining the specimen. Nitrogen was used to prevent oxidation and film
formation in the specimen during testing at these elevated temperatures.
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Table 2.3.1 Composition of Environments for Corrosion Study (gram/liter)
Solution(PH)

CaCb

Neutral(5-6)

2T69

Acidic(2-2.5)

2.769

MgSOj

NaCl

NaNO)

Na2S 0 4

HCL

7.577

4.951

39.973

31.529

56.742

-

7.577

4.951

39.973

31.529

56.742

Added

to

desired PH
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adjust

tlie

CHAPTER 3

EX PER IM EN TA L PROCEDURE
The elevated tem perature tensile properties of Type 422 SS were evaluated by using
an axial/torsional material testing system (MTS). The susceptibility to SCC in neutral and
acidic aqueous environm ents at am bient tem perature and 90°C was evaluated by using
the slow-strain-rate (SSR) testing technique. The electrochemical cyclic potentiodynam ic
polarization (CPP) m ethod was used to evaluate the localized corrosion behavior using a
Gamry

Potentiostat.

Finally,

fractographic

and

metallographic

evaluations

were

performed by scanning electron m icroscopy (SEM ) and optical microscopy, respectively.
The detailed experim ental procedures are given below.

3.1 Tensile Testing by MTS
An MTS equipm ent was used to perform tensile testing on Type 422 SS. This equipment,
shown in Figure 3.1.1, is com posed of a num ber of integrated systems including a load
frame, a load unit control panel (POD), grip supply, temperature controller, strain gage
conditioner, com puter, control box, hydraulic service manifold, hydraulic pump, and an
environm ental chamber.
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Figure 3.1.1

M TS System Com ponents

Figure 3.1.2 shows the m ajor load fram e com ponents of the M TS unit that includes an
adjustable crosshead, axial/torsional load transducers, wedge grips, crosshead controls,
linear variable differential transducer (LVDT), axial differential transducer (ADT), linear
actuator, rotary actuator and environm ental chamber. The hydraulic wedge grips a set of
custom ized blocks for m ounting threaded specim en samples.

Adjustable C ro ssh ead
(M ust be locked while running)

MTS

Axial/Torsional Load T ran sd u cers

W edge Grips

LVDT

C ro ssh e ad Controls
(up/down, lock)
Linear Actuator
Rotary Actuator

ADT

Figure 3.1.2 Load Fram e Components o f M TS
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The actuators have several control modes. The linear actuator can be controlled by
force or displacem ent. These controls can be operated automatically by the com puter or
manually by using the load control panel. M odel no. 652.02 high temperature
environm ental cham ber, attached to the M TS unit, was designed for tensile testing at
temperatures ranging from 100 to 1000°C. The furnace shown in Figure 3.1.3, was
configured with two independent heating zones to im prove the tem perature gradient
across the test specimen. The testing temperature inside this cham ber was m onitored by
two K-type therm ocouples. A pair of custom -built w ater cooled specim en grips made of
maraging steel (M 250) was attached to the M TS machine to prevent these grips from
being heated during testing at elevated temperatures. A viewing window enabled
m onitoring o f the specim en during testing.

Figure 3.1.3 Environmental H eating Cham ber
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Tests tar data acquisition software was used to collect the readings o f the load cell and
the actuator with user-specified frequency. TestStar software allowed setting up a stepby-step testing procedure of the experiment. This com m and routine usually specifies such
parameters o f the M TS unit as velocity of the actuator, load application rate, final
elongation, duration o f the experiment, stop-test criteria and other test procedure-related
parameters. MTS data acquisition software allows saving the data file on any of the
com puter m edia carried in the Excel-com patible file format. This testing m achine has a
load cell capable of axial loading up to 55,000 Ibf.
Prior to testing, the tem perature profiles were developed to determ ine the times
needed to achieve the desired test tem peratures as a part of the furnace calibration
process. The resultant times and the environm ent cham ber set point tem peratures for
different target tem peratures are shown in Table 3.1.1. The actual tem perature was
controlled within few degrees of the desired temperature. The tem perature was steady
and uniform along the gage length. This is an im portant consideration since the plastic
flow along the gage section depends on the testing temperature. For exam ple, if the
specimen experiences local hot spots due to thermal gradients along the gage length, it
can result in prem ature failure o f the specim en, thus leading to inaccurate data.
M inim ization of the tem perature gradient and attainm ent of a steady tem perature along
the gage length o f the specim en are greatly dependent on the heating method.
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Table 3.1.1 Minimum Times to Reach the Desired Temperature
M aterial

Type 422 SS

Target

Environm ental Cham ber

M inim um tim e to reach

Tem perature

set point temperature

the target tem perature

CC)

CC)

(m inutes)

1 0 0

143

60

300

363

60

400

467

55

500

563

50

600

658

50

The tensile properties including the ultim ate tensile strength (UTS), the yield strength
(YS) and the ductility param eters such as uniform elongation, percentage elongation
(%E1) and percentage reduction in area (% RA) were determined at am bient temperature,
100, 300, 400,500 and 600°C using the M TS unit. The smooth cylindrical specimens
were strained in tension at a strain rate o f 10"^ sec'’ according to the A STM Designation E
A m inim um o f 2 specim ens were tested under each condition and the average value
was recorded. The experim ental data such as the load, time, and extensom eter reading
were recorded autom atically in the data file at the rate of 100/sec. The engineering stress
versus engineering strain graphs were plotted using these data. The dim ensions of the
specimen before and after tensile testing were taken to calculate the ductility param eters
like %E1 and %RA. The magnitude of YS was determ ined by the point o f intersection of
a line drawn parallel to the linear portion of this stress-strain curve at a strain offset value
of 0.2% o f strain. U niform strains were also plotted as a function o f the m axim um stress.
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3.2 s e e Studies by SSR Testing
Slow strain rate testing was perform ed using a specially-designed system known as a
constant-extension-rate-testing m achine (CERT), as shown in Figure 3.2.1. This
equipm ent designed and m anufactured by Cortest Inc enables testing to sim ulate a broad
range of load, tem perature, pressure, strain-rate and environm ental conditions using both
mechanical and electrochem ical corrosion testing t e c h n i q u e s . T h e accuracy and
flexibility in testing the effects of SSR was offered by these machines, providing up to
7500 lbs o f load capacity with linear extension rates ranging from 10'^ to 10'* in/sec. This
apparatus was com prised of a heavy duty load-frame that m inim ized system com pliance
while m aintaining precise axial alignment of the load train, this is to ensure the m aximum
accuracy in the test results. An all-gear drive system provided consistent extension rate.
Quick-hand wheel was used to apply a pre-load before starting the experiment.
The SSR test setup used in this investigation consisted o f a top-loaded actuator,
testing cham ber, linear variable differential transducer (LVDT) and load cell as shown in
Figure 3.2.2. The top-loaded actuator was intended to pull the specim en at a specified
strain rate so that the spilled solution, if any, would not damage the actuator. A heating
coil was connected to the bottom lid of the environmental cham ber for elevatedtem perature testing. A therm ocouple was connected on the top lid o f this cham ber to
m onitor the tem perature of the aqueous solution inside the cham ber. The load cell
measured load through an interface with the front panel user interface. A LV D T was used
to record the displacem ent of the gage section during the SSR testing.
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A - LVDT
H - Top Actuator
C - Lnvironmentaî Cham ber
D - Bottom Actuator

Figure 3.2.1 CERT M achines for SSR Testing
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Figure 3.2.2 SSR Test Setup

Prior to the perform ance of SCC testing by the SSR technique, the load-framecom pliance factor (LFCF), which indicates the deflection in the frame per unit load, was
determined by using a ferritic Type 430 stainless steel specimens. The generated LFCF
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data are shown in Figure 3.2.3. These LFC F values were given to the load frame
acquisition system prior to the SCC testing.
0.70

T
Frame -1 (LFCF=4e*6)
0.50

y = 4E-06X + 0.638

0.40
Frame-3 {LFCF=5e-6)
y = 5E -0 6 x + 0.2309

1
0.20

0.10
Frame-2 (LFCF=5e-6)
y = 5E -0 6 x + 0.1248
4000

5000

6000

7000

Load (lb)

Figure 3.2.3 Load Fram e Com pliance Test

The SCC phenomenon is a consequence of two m ajor factors including the applied or
residual stress and a potent environm ent. If the stress is applied to the specimen at a very
fast rate, while it is exposed to the aqueous environm ent, the resultant failure may not be
different from the typical mechanical deform ation produced without an environment.
Conversely, if the strain rate is too slow, the resultant failure may simply be attributed to
the corrosive dam age by virtue o f the breakdown of the protective surface film due to the
interaction of the test material with the susceptible environm ent. In view o f this rationale,
the SSR testing at the Law rence Liverm ore National Laboratories (LLNL) was initially
conducted at strain rates ranging between 10'^ and lO'^/sec. However, based on this
experimental work, it was determ ined that a strain rate at around lO'^/sec could provide
the most effective contributions o f both the mechanical and environm ental constraints in
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enhancing the cracking susceptibility in environm ents of interest during SSR testing.

A

strain rate of 3.3x10'^ sec ' was used to accomplish the com bined effect of the applied
load and the environm ent. D uring SCC testing, the specimen was continuously strained in
tension until fracture, in contrast to more conventional SCC test conducted under a
sustained loading condition. The application of a slow dynamic straining during the SSR
testing to the specim en caused failure that probably m ight not occur under a constant load
or m ight have taken a prohibitively longer duration to initiate cracks in producing failures
in the tested specimens.
Load versus displacem ent and stress versus strain curves were plotted during these
tests. Dim ensions (length and diameter) o f the test specimens were m easured before and
after testing. The cracking tendency of the test specimen was characterized by the timeto-failure (TTF), and a num ber of ductility param eters such as %E1 and %RA. Further,
the maxim um stress (Om) and the true failure stress (Of) determ ined from the stress-strain
diagram and the final dim ensions were taken into consideration. %E1, % RA, Om, Of were
calculated using the following equations:
% El =

~^T.-

(Equation 3.2.1)

(Equation 3.2.2)

f

a

m

(Equation 3.2.3)

=

A,

=

m
A

(Equation 3.2.4)

m
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t t x D^

(Equation 3.2.5)

W here,
Ao = Initial cross sectional area
Am = Cross sectional area at the maxim um load
A f= Final cross sectional area at failure
Pm =

Ultim ate tensile load

P f= Failure load
Lo= Initial length
Lf= Final length

3.3 GPP Testing
The susceptibility of Type 422 Stainless Steel to localized (pitting and crevice)
corrosion was determ ined by perform ing GPP experim ents in acidic environm ent using a
GAM RY potentiostat (Model No: P G 14/750)

This type of testing was based on a

three-electrode polarization concept, in which the working electrode (specim en) acted as
an anode and two graphite electrodes (counter electrodes) acted as cathodes as shown in
Figure 3.3.1. The reference electrode was made o f Ag/AgGl solution contained inside a
Luggin probe having the test solution that acted as a salt-bridge. The tip of the Luggin
probe was placed within a distance of 2 to 3 mm from the test specimen as shown in
Figure 3.3.2
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A - Potentiostat
B - Water Bath
C - Polarization Cell

Figure 3.3.1 Electrochem ical Testing Setup
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Figure 3.3.2 Luggin Probe Arrangement

At the onset of the CPP testing, the corrosion or the open circuit potential (Ecorr) of
the specimen was determ ined with respect to the Ag/AgCl reference electrode, followed
by forw ard and reverse potential scans at the A STM specified^^^ rate of 0.17 mV/sec. An
initial delay o f 50 minutes was given for attaining a stable Ecorr value. The m agnitudes of
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the critical pitting potential (Epu) and protection potential (Eprot), if any, were obtained
from the CPP diagram. Prior to conducting CPP test, the potentiostat was calibrated
according to the A STM Designation G 5.^^'Calibration of the potentiostat was perform ed
to generate a characteristic potentiodynam ic polarization curve (Figure 3.3.3) using small
cylindrical test specim ens of ferritic Type 430 stainless steel in IN (1 N orm al) H 2 SO 4
solution at 30°C.

l.fcO

PatentSgdynealc

l.n

10

CURRENT O ENSfTY

Figure 3.3.3 Standard Potentiodynam ic Polarization Plot (ASTM G 5)

(5)

3.4 M etallography by Optical M icroscope
Characterization o f the metallurgical microstructures of the test materials by optical
microscopy is very im portant. The test specim ens were sectioned and m ounted by a
standard m etallographic technique, follow ed by polishing and etching to reveal the
microstructures including the grain boundaries. The polished and etched specimens were
rinsed in deionized water, and dried

with

acetone and alcohol prior to their
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m icrostructural evaluation by a Leica optical microscope, shown in Figure 3.4.1. F ry’s
Reagent was used as enchant in the microscopic evaluation o f Type 422 SS.

Figure 3.4.1 Leica Optical M icroscope

3.5 Fractographic Evaluation by SEM
Analysis of failure in metals and alloys involves identification o f the type of failure.
Failure can occur by one or more of the several mechanisms, including surface damage,
such as corrosion or wear, elastic or plastic deformation and fracture. Failures can be
classified as ductile or brittle. The morphology o f failure in the tested specimen was
determ ined by scanning electron m icroscopy (SEM ) shown in Figure 3.5.1. In a scanning
electron m icroscope (SEM ), electrons from a metal filam ent are collected and focused,
just like light waves, into a narrow beam. The beam scans across the subject,
synchronized with a spot on a com puter screen. Electrons scattered from the subject are
detected and create a current, the strength of which makes the spot on the com puter
brighter or darker. This creates an image with an exceptional depth of field.
M agnifications of several thousand times are possible. A JEO L-5600 scanning electron
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microscope, capable o f resolution of up to 50 nm at m agnifications of up to 100,000
times, was used in this study. The test specimens were sectioned into Vi to 3/4 o f an inch
in length to accom m odate them in the vacuum cham ber of the SEM.

%

Figure 3.5.1 Scanning Electron M icroscopy
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CH APTER 4

RESULTS
4.1 Effect o f Heat Treatm ent on Hardness
Hardness values o f Type 422 SS obtained under different heat-treatm ent conditions
are shown in Table 4.1.1. These results indicate that the hardness value was gradually
reduced due to tempering, showing more pronounced effect at longer tem pering times. A
graphical representation of the effect of tem pering time on the hardness value is shown in
Figure 4.1.1.

Table 4.1.1 Hardness Value under D ifferent Heat-Treatm ent Conditions
M aterial

Type 422 SS

Heat Treatm ent Condition

Hardness, Rc

Austenitized and Quenched

48

Quenched and Tem pered for 1.25 hr

32

Q uenched and Tem pered for 1.75 hr

28

Q uenched and Tem pered for 2.25 hr

27
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A u sten itized & Q uenched

50

1.25 hr
1.75 hr
2 .2 5 hr

0.25

0.5

0.75

1

1.25

1.5

1.75

2.25

2.5

Tempering Time (hrs)

Figure 4.1.1 Hardness versus Tem pering Time

4.2 Effect of Tem pering Time on Room -Tem perature Tensile Properties
The results of tensile testing of Type 422 SS at ambient tem perature for all three
tempering times are shown in Table 4.2.1. These results indicate that the tem pering time
did not exert any significant influence on the resultant tensile properties.

Table 4.2.1 A m bient Tem perature Tensile Properties of Type 422 SS
Tempering
Time
(hrs)

Yield
Strength,
YS (ksi)

Failure
Stress (ksi)

Percentage
Elongation,
%E1

Percentage
Reduction in
Area, %RA

E25

Ultim ate
Tensile
Strength,
UTS (ksi)
144.4

118.9

96 3

21.09

58.56

1.75

145.4

119.0

98.37

21.03

58.62

Z25

142.5

116.3

95.4

20.97

60.76
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4.3 M etallurgical M icrostructures of H eat-Treated M aterials
The results of m etallographic evaluation o f Type 422 SS by optical m icroscopy under
different therm al treatm ent conditions are shown in Figures 4.3.1 (a) through (d). Fine
grained fully tem pered m artensitic m icrostructure was observed in all these materials. An
exam ination of these micrographs reveals that the tempering tim e has no significant
influence on the resultant metallurgical m icrostructure of this alloy in terms o f grain size.

t‘ c .
(a)

(b)

(c)

(d)

Figure 4.3.1 Optical M icrographs o f Type 422 SS (a) A ustenitized and Quenched
(b) Tem pered for 1.25 hours (c) Tem pered for 1.75 hours (d) Tem pered for 2.25 hours
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4.4 Tensile Testing at Elevated Tem peratures
Stress-strain diagram s for Type 422 SS were developed using the data file generated
by Test Star. Com parisons of the stress-strain diagrams at different testing temperature
using specim ens tem pered for three different times are illustrated in Figures 4.4.1, 4.4.2
and 4.4.3. The m agnitude of the yield strength (YS), the ultimate tensile strength (UTS)
and the failure strength (FS) was determ ined from these stress-strain diagrams. The
ductility param eters such as the percentage elongation (%E1) and the percentage
reduction in area (% RA) were calculated from the initial and final lengths and diameters
of the tested specim ens.
The m agnitudes of UTS, YS, FS, %E1, %RA and uniform elongation as a function of
the testing tem perature are shown in Tables 4.4.1 and 4.4.2. Analyses o f these data
clearly indicate that the m agnitude of UTS, YS, FS and uniform elongation was gradually
reduced with increasing temperature. However, the effect o f the testing tem perature on
these param eters was more pronounced at temperatures beyond 400°C, showing drastic
reductions in their values. It is also interesting to note that the extensions of gage section
o f the tensile specim ens, in terms o f strains were gradually reduced with increasing
tem perature in the tem perature regim e of ambient to 300°C. H owever, the magnitude of
strain was increased at testing tem peratures beyond 300°C. The ductility of Type 422 SS,
in terms o f %E1 and %RA, was gradually increased at temperatures above 400°C, as
shown in Table 4.4.2. The stress-strain diagrams at 600°C were characterized by
significantly low er UTS, YS and FS values while the strains were substantially enhanced.
The data presented in Tables 4.4.1 and 4.4.2 are graphically reproduced in Figures
4.4.4 through 4.4.9, showing the effect of temperature on UTS, YS, FS, %E1, %RA, and
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uniform elongation, respectively. These data clearly show that with increasing testing
temperature, the m agnitudes of UTS, YS, FS and uniform elongation were gradually
reduced, as indicated earlier. Sim ultaneously, the ductility param eters were gradually
increased with increasing testing tem perature due to enhanced plasticity at elevated
temperatures. It is interesting to note that a uniform slope was observed in the elastic
region of the stress-strain diagram at any testing tem perature irrespective of the
tem pering time, as shown in Figure 4.4.10.
A laser extensom eter was used to m onitor the displacement of the test specimens at
their gage sections in the tem perature range of ambient to 400°C. However, the
extensom eter was not capable o f precisely m easuring the extension at temperatures
beyond 400°C. Therefore, an LV D T was used to measure extensions at 500 and 600°C.
An attempt was made to com pare the %E1 of the test specimen obtained by using both the
extensom eter and LV D T to those obtained by a vem ier-caliper. A com parative analyses
of %E1 based on m easurem ents by both techniques, are illustrated in figures 4.4.11,
4.4.12 and 4.4.13 for specim ens tem pered for three different times. It is obvious from
these plots that no significant variations in %E1 occurred. Optical micrographs of
specimens tested at am bient tem perature and 600°C are shown in Eigures 4.4.14 (a) and
(b). It is interesting to note that the test tem perature has no significant effect on the
resultant m etallurgical m icrostructure o f this alloy. Stress-strain diagrams at different
testing tem peratures for all specim ens tem pered for 1.25, 1.75, and 2.25 hours after
quenching are shown in Appendix A, B and C, respectively. The calculation of standard
deviation of m easured mechanical param eters is given in Appendix D.
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Figure 4.4.1 Comparison of Stress-Strain D iagram s at Different Testing Tem peratures
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Figure 4.4.2 Comparison of Stress-Strain D iagram s at Different Testing Tem peratures
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Figure 4.4.3 Comparison of Stress-Strain D iagram s at D ifferent Testing Tem peratures

Table 4.4.1 UTS and YS versus Testing Tem perature
Tensile

Tem pering

Parameters

Tim e (hrs)

Ambient

1 0 0

300

400

500

600

1.25

144.40

137.10

126.0

118.50

97.60

65.40

1.75

145.50

136.6

125.80

116.40

96.70

65.90

2.25

142.50

134.90

125.30

118.70

97.90

66.40

1.25

118.90

113.50

103.0

91.0

87.0

6230

1.75

119.0

115.10

103.90

91.50

8T20

61.80

2.25

116.30

111.70

101.70

96.80

8830

64.0

1.25

96.30

90.73

8 6 .6

76.50

43.30

5.94

1.75

9837

90.17

883

76.31

43.70

538

2.25

95.40

91.90

8532

76.10

4338

5.11

UTS (ksi)

YS (ksi)

FS (Ksi)

Testing Tem perature (°C)
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Table 4.4.2 Uniform Elongation, %E1 and %RA versus Testing Tem perature
D uctility

Tem pering

Parameters

Time (hrs)

A m bient

1 0 0

300

400

500

600

U niform

1.25

7.175

6.419

5.707

5.40

3.218

1.058

Elongation

1.75

6.989

6J65

5.671

5.241

3.161

1.049

2.25

6.953

6.3871

5.586

5^55

3.217

1.194

1.25

21.09

19.72

17.61

18.50

37.60

45.50

1.75

21.03

20^2

17.64

18.38

31.48

47.47

2.25

20.97

19.67

18.04

18.61

26J3

39.46

1.25

58.56

60.33

61.29

63.20

74.30

88.80

1.75

58.62

61.83

62.12

64.85

75.52

89.41

2.25

60.76

61.16

61.83

64.15

7&88

89.33

500

600

%E1

%RA

Testing Tem perature (°C)

160 1

Type 422 S S (Q&T)
H eat N o:2053

145 -

^ 130 -

=

100

-

85 -

□ 1.25 hr Tem pering Tim e
A 1.75 hr T em pering Tim e

70

• 2.25 hr T em pering Tim e

100

200

300

400

Temperature (°C)

Figure 4.4.4 Ultim ate Tensile Strength versus Tem perature
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Figure 4.4.5 Yield Strength versus Tem perature
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Figure 4.4.6 Failure Stress versus Tem perature
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Figure 4.4.7 Percent Elongation versus Tem perature

T ype 422 S S (Q&T)
H eat N o:2053

100 1
90 -

70 -

□ 1.25 hr T em pering Tim e
30 -

A 1.75 hr T em pering Tim e

20

-

• 2.25 hr T em pering Tim e

10

-

100

200

400

300

500

600

Temperature (°C)

Figure 4.4.8 Percent Reduction in Area versus Tem perature
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Figure 4.4.9 U niform Elongation versus Tem perature
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Figure 4.4.10 Com parison o f Stress-Strain Diagram s for Three Tem pering Times
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Figure 4.4.11 Percent Elongation versus Tem perature
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Figure 4.4.12 Percent Elongation versus Tem perature
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Figure 4.4.14 Optical M icrographs o f tensile specimens tested at (a) Ambient
Tem perature (b) bOO^C
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4.5 Results of SSR Testing
The results of SCC testing in a 90°C acidic solution using the SSR technique are
shown in Figure 4.5.1. A comparison of the stress-strain diagram s has been made
involving Type 422 SS tem pered for 1.25 and 2.25 hours follow ing austenitizing. The
magnitudes o f different tensile param eters obtained from these tests are shown in table
4.5.1. These data indicate that the failure stress was increased, but the ductility
param eters w ere reduced with specimens tem pered for longer time. The effects of
tempering tim e on TTF, Of, uniform elongation, % El and % RA are also shown in Figure
4.5.2. M etallurgical m icrostructure of the specim ens tested by SSR testing is shown in
Figures 4.5.3 (a) and (b). Secondary cracks are shown in Figures 4.5.4 (a) and (b).

160

Type

422 S S (Q&T)

140 2.25 hr Tempering Time

120

1.25 hr Tempering Time

100
80 -

c/o

60 40 ^

20 -

0.02

0,04

0.06

0.08
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Figure 4.5.1 Comparison of Stress-Strain D iagram s
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0.12

Table 4.5.1 Results of Tensile Testing by SSR Technique
Environment

Tem pering
Tim e (hrs)

U niform

%E1

%RA

Elongation

90”C Acidic

Of

TTF

(ksi)

(ksi)

(hrs)

Pf
(lbs)

1.25

5.51

12.28

2T29

4344.24

115.22

116.43

11.94

Z25

4.76

9.98

1&68

5234.12

120.71

123.81

11.14

Solution
(pH = 2.25)

%E1

: Percentage Elongation

%RA

: Percentage Reduction in Area

Pf

: Failure Load

Om

: M aximum Tensile Stress

Of

: Failure Stress

TTF

: Time-to-Failure

1 3 0 -I

T y p e 4 2 2 S S (Q&T)

T y p e 4 2 2 S S (Q&T)

118 -

110
0 .5

1

1.5

2

0 .5

2 .5

Tempering Time (hrs)

Tempering Time (hrs)

(a)

(b)

T y p e 4 2 2 S S (Q&T)

18 n

T y p e 4 2 2 S S (Q&T)

6 .5 1

2 .5

16 5 .5 -

%
W

0 .5

2 .5

10 -

0.5

Tempering Time (hrs)

2 .5

Tempering Time (hrs)

(c)

(d)
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16 14
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Tempering Time (hrs)
(e)
Figure 4.5.2 Effect of Tem pering Tim e on (a) Tim e to Failure (b) Failure Stress
(c)Uniform Elongation (d) Percent Elongation and (e) Percent Reduction in Area

^ f - .f

• 'i

(b)

(a)

Figure 4.5.3 Optical M icrographs of Type 422 SS Tested by SSR Tem pered for
(a) 1.25 hr Tem pering Tim e (b) 2.25hr Tem pering Time

41

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

iSliSi;
(a)

(b)

Figure 4.5.4 Secondary cracks in specim ens Tem pered for (a) 1.25 hr Tem pering Time
(b) 2.25hr Tem pering Time

4.6 Localized Corrosion Study
The calibration curve obtained from the cyclic potentiodynam ic polarization test
perform ed on the Gamry potentiostat according to the ASTM Designation G 5^^^ is shown
in Figure 4.6.1. This potential-current density plot closely m atches with the standard
potentiodynam ic polarization curve shown in the ASTM D esignation G 5^^^ (Figure
3.3.3), indicating the precision and accuracy of the Gamry potentiostat used in evaluating
the localized corrosion behavior of Type 422 SS. The GPP diagrams for this alloy
generated in neutral and acidic solutions at 30 and 60°C are shown in Figures 4.6.2
through 4.6.5. These diagrams enabled the determ ination o f critical potentials such as
Ecorr, Epit, and Eprot, as a function of the environm ental condition. The m agnitude of these
critical potentials, determ ined from the polarization diagrams, are given in Table 4.6.1.
An exam ination of this data indicates that both Econ- and Epit became more active
(negative) in the acidic solution com pared to those in the neutral solution, as expected.
Further, these electrochemical param eters ideally should becom e m ore active (negative)
with increasing temperature. H owever, this was not observed in the specim ens tested in
neutral solution. Thus additional work is needed to study the effect o f temperature on the
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localized corrosion susceptibility of this alloy. Protection potential was observed only in
acidic solution.

400

200
ÎÎJ

-200

-1200

-2

-3

Figure 4.6.1 Calibration Curve using GAM RY Potentiostat
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Figure 4.6.2 CPP D iagram in 30°C Neutral Solution
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Figure 4.6.3 CPP Diagram in 60°C Neutral Solution
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Figure 4.6.4 CPP Diagram in 30°C Acidic Solution
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Figure 4.6.5 CPP Diagram in 60°C Acidic Solution

Table 4.6.1 Results of CPP Testing

M aterial/
Heat No

Type 422 SS

Environm ent
Neutral
Solution
pH -(6.0-6.5)
Acidic
Solution
pH -(2.0-2.5)

Tem perature
(°C)

Econ, mV
(Ag/AgCl)

Epit, mV
(Ag/AgCl)

Eprot 1 tnV
(Ag/AgCl)

30

-200

-55

NA

60

300

-10

NA

30

500

-100

-180

60

530

-200

-210

Key to Abbreviations:
C orrosion Potential
prot

Protection Potential

-'pit

Critical Pitting Potential

Ag/AgCl: Silver / Silver Chloride Electrode
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Figure 4.6.6 Ecorr versus Temperature
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Figure 4.6.7 Epit versus Tem perature
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Figure 4.6.8 Eprot versus Tem perature

4.7. Fractographic Evaluation by SEM
The effect o f tem perature on the SEM micrographs of the primary fracture face of the
tested Type 422 SS specimen tem pered for three different times are shown in Figures
4.7.1 through 4.7.3. It is evident from these m icrographs that at am bient tem perature, the
size of the plastic zone was very small. M oreover, a large num ber of cracks were
observed at am bient tem perature as shown in Figures 4.7.1 (a), 4.7.2 (a) and 4.7.3 (a).
The size o f the plastic zone characterized by the enhanced dim pled area at 600°C, is
illustrated in Figures 4.7.1 (b), 4.7.2 (b) and 4.7.3 (b). It is interesting to note that the
mode of fracture at 600°C was predom inantly ductile, characterized by enhanced dimpled
m icrostructure, as opposed to the cracked fracture face with very little plastic
deformation at room temperature. Sim ilar patterns were observed for specim ens tested at
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different tem peratures, as shown in the A ppendix E, F, and G. No effect of tempering
time was observed on the m ode of failure for this alloy.

à

(b)

(a)

Figure 4.7.1 SEM M icrograph of Specim ens Tem pered for 1.25 hours
and Tested at (a) A m bient Tem perature and (b) 600°C

(b)

(a)

Figure 4.7.2 SEM M icrograph of Specimens Tem pered for 1.75 hours
and Tested at (a) A m bient Tem perature (b) 600°C
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%

(a)

(b)

Figure 4.7.3 SEM M icrograph of Specimens Tem pered for 2.25 hours
and Tested at (a) A m bient Tem perature (b) 600°C
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CH A PTER 5

D ISCU SSIO N
This investigation is prim arily focused on the evaluation of high tem perature tensile
properties of a target structural material (Type 422 SS) containing the m olten LBE.
Lim ited studies have also been performed to evaluate the stress corrosion cracking and
localized corrosion behavior o f Type 422 SS in aqueous environm ents of different pH
values. Since this alloy will be subjected to an exposure in the molten LBE, it is obvious
that corrosion studies need to be performed in a prototypic environm ent consisting of
molten LBE at tem peratures ranging between 450 and 550°C. In view of this rationale,
SCC testing has already been initiated at the Los Alamos National Laboratory (LANL)
using self-loaded test specim ens. In parallel, corrosion studies in aqueous environm ent
were perform ed to develop baseline inform ation so that surface analysis could be
performed using specim ens tested in both environm ents.
The target m aterials m ay undergo environm ent-induced degradation such as SCC and
localized corrosion including pitting and crevice when in contact with the molten LBE.
This type o f dam age is not associated with classical corrosion phenom enon that may
involve dissolution or diffusion controlled intergranular penetration of chem ical species.
This type o f em brittlem ent is considered to be a special case of brittle fracture that occurs
due to stress-assisted dissolution o f the surface film at imperfections such as notches and
crack tip, thus, reducing the surface energy o f the solid due to the presence o f liquid
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metal. The precise m echanism o f LBE corrosion is yet to be established. H ow ever the
lim ited study perform ed by some investigators^^”^ suggest that the corrosion process in
molten LBE m ay be influenced by the dissolution of solid particles into the liquid metal,
mass transfer due to therm al and concentration gradient and redistribution of the
im purities between the solid and liquid phases.

5.1 Effect o f Therm al Treatm ent
As shown in the previous section (Figure 4.1.1), the hardness o f the austenitized and
quenched Type 422 SS was gradually reduced with increasing tem pering tim es. Due to
tempering, the m etallurgical m icrostructure was homogenized and the internal or residual
stresses arising from thermal shock during quenching were either m inim ized or
eliminated. This beneficial effect o f tem pering may be attributed to the reduction in
resultant hardness values. However, it should be noted that the tem pering tim e did not
significantly influence the resultant tensile properties both at am bient and elevated
tem peratures. Further, the metallurgical m icrostructure did not change appreciably due to
changes in the tem pering time.

5.2 Tensile Testing Results
It is well known that during tensile testing of a ductile metal, the initial elastic
deformation is follow ed by the plastic deform ation when the length increases and the
cross-sectional decreases. In the plastic region, usually strain or w ork-hardening occurs
and the material gets stronger, and hence an increasing load is required to continue plastic
deformation o f the sam ple at an approxim ately constant strain rate. Eventually, a strain is
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attained w here plastic deform ation becom es m uch localized. This m ay initiate at a region
of slightly sm aller cross-sectional area or at a m icrostructural feature which has workhardened less. In any case, at this location the cross-sectional area becom es locally
reduced and hence serves as a surface notch and finally the specim en fails.^^^^The results
of tensile testing perform ed in this investigation at tem peratures ranging from am bient to
600 C clearly indicate that Type 422 SS experienced significant plastic deform ation with
increasing

tem perature,

which

is

consistent

with

observations

made

by

other

investigators.'” ’
In general, metals and alloys can undergo significant plastic flow as the temperature
is increased beyond some critical value. This phenom enon is usually associated with the
enhanced m ovem ent of lattice im perfections such as dislocations through the grain
boundaries to the neighboring grains with increasing tem perature. It is, however,
O
interesting to note that in the tem perature regim e of am bient to 300 C, the strain value
was gradually reduced to some extent. This behavior can be attributed to the strainhardening effect, prim arily due to the locking o f dislocations at the grain boundaries at
relatively low er tem peratures, resulting in reduced plastic flow. A sim ilar behavior has
also been reported by other investigators

for martensitic stainless steels.

Beyond 300°C, the plastic deformation was gradually enhanced, thus resulting in an
increased ductility in term s of both %E1 and % RA.
It is evident from the stress-strain diagram s that for Type 422 SS, the strength of this
O
material was drastically reduced at tem peratures beyond 400 C. These results may
suggest that a tem perature in the vicinity of 400 C m ay represent a critical value beyond
which the plastic flow is significantly enhanced, thus, gradually reducing the UTS, YS
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and the failure stress (FS). FS was gradually reduced with increasing tem perature (Figure
4.4.6), despite the occurrence o f strain hardening phenomenon in the tem perature regim e
of am bient to 300 C. Beyond 400°C, the ductility parameters including %E1 and %RA 5
w ere significantly enhanced, as expected. These results may suggest that Type 422 SS
may not be a suitable structural material to contain the molten LBE, if significant plastic
strain/deform ation may be experienced during the transm utation process. Thus, an
alternate material should be explored to sustain the temperature regim e associated with
the proposed transm utation process. It should also be noted that the tem pering tim e did
not influence the stress-strain relationships of Type 422 SS at different testing
tem peratures.

5.3 SSR Test Results
The results of SSR testing perform ed in the 90 C acidic solution, presented in the
previous section, indicate that both the m axim um and failure stresses w ere increased in
the specim ens o f Type 422 SS tem pered for 2.25 hrs. M etallurgically speaking, a longer
tem pering tim e can assist in the relaxation of internal stresses resulting from the
quenching operation during therm al treatm ent. A common m anifestation of this

phenom enon is im proved SCC resistance o f a material in a susceptible environm ent by
virtue o f its enhanced failure stress and ductility. Even though some enhancem ent in
failure stress was observed in this study at the higher tem pering tim e, the data is
somewhat inconsistent in that the ductility param eters were reduced instead of being
enhanced. No viable explanation can be provided to address this inconsistency. In view
of this observation, further studies are needed to address this issue.
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5.4 CPP Results
During the electrochemical reaction involving an active-passive metal such as Type
422 SS, the polarization diagram is characterized by three param eters namely, the
corrosion potential (Ecorr), the critical pitting potential (Epit) and the protection potential
(Eprot). At Ecorr, the rate of anodic (metal dissolution) and cathodic (hydrogen reduction)
reactions are equal. However, the equilibrium condition is lost during polarization that
causes change in current density, producing rupture of protective films, which is
identified by Epit. D uring cyclic polarization, som e active-passive metals develop
protective film in the passive potential region thereby, giving rise to Eprot. The more
negative the Epit value, the larger is the susceptibility of the test material to pitting.
Ideally, the m agnitude of Epit is more noble (positive) in a neutral solution at low er test
tem perature com pared to that at elevated tem perature. However, the more active
(negative) Epit value observed in the 30°C neutral solution is in contrast to the common
behavior of this type of alloy. The magnitude o f Epit is known to becom e more active in
an acidic solution, especially at the elevated testing tem perature, which is also observed
in this investigation. The results also indicate that the corrosion potential (Ecorr) became
more active (negative) with a change in tem perature from 30 to 60°C in both neutral and
acidic environm ent. N evertheless both pits and crevices were observed in both tested
environm ents.
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CHAPTER 6

SUM M ARY AND CONCLUSIONS
The effect of tem pering time on the tensile properties o f quenched and tempered
m artensitic Type 422 SS has been determ ined in the tem perature regim e o f am bient to
600 C. The susceptibility to stress corrosion cracking has been evaluated by SSR testing
in a 90 C acidic environm ent as a function of tempering time. The localized corrosion
behavior of this alloy has been evaluated by electrochemical C PP technique. The extent
and m orphology of failure at the prim ary fracture face of the tensile specim ens tested at
different tem peratures were analyzed by SEM. Finally, the secondary cracks observed in
the SSR testing have been characterized by optical m icroscopy. The significant
conclusions made from this investigation are summarized below
■

Formation of fine grained and fully tempered m artensitic m icrostructure resulted
in enhanced ductility yet m aintaining high strength.

■ The hardness o f the austenitized and quenched Type 422 SS was significantly
reduced due to tem pering, showing a gradual reduction with increasing tem pering
time.
■

The m agnitude of the YS, UTS and FS was gradually reduced with increasing
temperature, showing significant reduction at temperatures beyond 400 C.

■ The extent of ductility in terms of %E1, %RA and strain was gradually reduced to
some extent in the tem perature regim e of ambient to 300°C due to the strain
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hardening effect. H owever, beyond 300°C, the m agnitude o f these param eters was
enhanced due to increased plastic flow.
The m orphology of failure during tensile testing was characterized by increased
plastic deformation at elevated tem peratures. Larger dim pled areas were observed
in the SEM m icrographs o f the tested specim ens at higher temperatures.
No effect of the tem pering time on the resultant tensile data and m etallurgical
m icrostructures was observed in this investigation irrespective o f the testing
temperature.
The lim ited data obtained from the SSR testing indicate that the failure stress was
relatively higher for specim ens tem pered for a longer time.
Both pits and crevices were observed in Type 422 SS exposed to neutral and
acidic solution at 30 and 60°C. Both Ecorr and Epi, became more active (negative)
in

the

acidic

solution

at

the

higher

test
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temperature.

CHAPTER 7

SUGGESTED FUTURE W O RK
The following future w ork is suggested on Type 422 SS
>

Surface characteristics of SCC specimens tested in both LB E and aqueous
environm ents needs to be performed for valid com parison o f cracking susceptibility.

>

Evaluation o f the effect of tempering tim e on the SCC susceptibility in aqueous
environm ents.

>

Determ ination o f the role of temperature on the localized corrosion behavior needs
further investigation.

>

Characterization

of

defects/im perfections

during

tensile

testing

tem peratures by transm ission electron m icroscopy
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APPENDIX A; TENSILE D ATA USING SPECIM ENS TEM PERED FOR 1.25 HOURS
AS A FU N CTIO N OF TESTING TEM PERA TU RE

M aterial
: Type 422 SS
H eat N um ber ; 2053
Austenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Temp: Room Tem perature
T531_RT#1
Specimen ID
3.9995 in
Length
0.2510 in
D iam eter
U ltim ate Tensile Strength 144.1 ksi
118.0 ksi
Yield Strength
%Elongation
21.07 %
% Reduction in Area
58.25 %

Steel-Heat Nufrt>er#2053
T531_RT#1
Stress vs Strain

160
140
120
100

80
60

20
0 -J—

0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850E and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Temp: Room Tem perature
T531_RT#2
Specimen ID
4.0048 in
Length
0.2505 in
D iam eter
U ltim ate Tensile Strength 144.4 ksi
118.8 ksi
Y ield Strength
%Elongation
21.11 %
58.78 %
% Reduction in Area

0.050

0.100

0150

Stress vs Strain

120

0.050
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0.200

0.250

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Temp: Room Tem perature
Specimen ID
T531_RT#3
Length
4.0040 in
Diam eter
0.2514 in
U ltim ate Tensile Strength 144.8 ksi
Yield Strength
119.9 ksi
% Elongation
21.1 0 %
% Reduction in Area
58.64%

Type 422 Stainless Sleet Heal Nurrt)erA2053
T531_RT*3
Stress vs Strain

120

60

0 -----

0.150

0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Tem perature: 100°C
Specimen ID
T531_100#4
Length
4.0005 in
D iam eter
0.2509 in
U ltim ate Tensile Strength 137.0 ksi
Y ield Strength
113.1 ksi
%Elongation
20.32 %
% Reduction in Area
6 1 .1 9 %

160

Type 422 Stainless Steel-Hsal Nufr6er#2053
T531_100#4
Stress vs Strain

140
120

100

£

0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Tem perature: 100°C
Specimen ID
T531_100#5
Length
4.0010 in
0.2502 in
D iam eter
Ultim ate Tensile Strength 137.2 ksi
Yield Strength
112.7 ksi
%Elongation
19.42 %
% Reduction in Area
59.66 %

160

0.050

0.100

0,150

0.200

0250

0.200

0.250

Type 422 Stainless Sleel-Heat Nurr*er#2053
T53U100#5
Stress vs Strain
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M aterial
; Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Tem perature; 100°C
Specimen ID
T531_100#7
4.0012 in
Length
D iam eter
0.2504 in
Ultim ate Tensile Strength 137.2 ksi
Yield Strength
114.8 ksi
% Elongation
19.41 %
% Reduction in Area
60.13 %

Type 422 Siahless Steel-1
Stress vs Strain

160

120

0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Tem perature: 300°C
T531_300#8
Specimen ID
4.0030 in
Length
0.2512 in
D iam eter
U ltim ate Tensile Strength 125.6 ksi
102.1 ksi
Yield Strength
% Elongation
17.59 %
61.14 %
% Reduction in Area

160

0.050

0.100

0.150

0,200

Type 422 Stainless Sleel-Heat I
T531_300#8
Stress vs Strain

0.050

0.200

Type 422 Stainless Steel-Neat Nunt>er#2053
■re31_300#9
Stress vs Strain

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Tem perature: 300°C
Specimen ID
T531_300#9
Length
4.0067 in
D iam eter
0.2512 in
U ltim ate Tensile Strength 126.3 ksi
Yield Strength
103.8 ksi
% Elongation
17.63 %
% Reduction in Area
61.43 %

140

120
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0.000

0.100

0 150

61

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

0.200

0.250

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Temperature: 400°C
Specimen ID
T531_400#10
Length
4.0008 in
0.2510 in
D iam eter
Ultim ate Tensile Strength 118.8 ksi
Yield Strength
86.0 ksi
%Elongation
18.93 %
% Reduction in Area
63.95 %

160

Type 422 Stainless Steel-Heat Nufrt>er#2053
T531_400#10
Stress vs Strain

140

100

0.050

0.150

0.200

0.250

S train

Type 422 Stainless Steel-Heat Number#2053

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F fo r 1.25hrs and AC
Testing Temperature: 400°C
T531_400#14
Specimen ID
Length
4.0012 in
0.2512 in
D iam eter
Ultimate Tensile Strength 118.2 ksi
Yield Strength
86.0 ksi
18.07 %
% Elongation
% Reduction in Area
62.35 %

160

Stress vs Strain

0.150

M aterial
: Type 422 SS
H eat N um ber : 2053
Austenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Temperature: 500°C
Specimen ID
T 5 3 1 _ 5 0 0 # ll
Length
4.0032 in
Diam eter
0.2508 in
Ultimate Tensile Strength 97.5 ksi
Yield Strength
84.8 ksi
%Elongation
38.95 %
% Reduction in Area
76.52 %

160

0.250

Type 422 Stainless Sleel-Heat Number#2053
T531_500#11
Stress vs Strain

120
100

0.100

0.150

0.250
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0.300

Type 422 Stainless Steel-Heai Nurrfcer#2053

M aterial
; Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Tem perature: 500°C
T531_500#12
Specimen ID
4.0033 in
Length
D iam eter
0.2510 in
Ultimate Tensile Strength 97.6 ksi
89.1 ksi
Yield Strength
26.21 %
%Elongation
% Reduction in Area
72.15%

a r e s s vs Slrah

160

100

0.000

0 050

0.200

0.100

Type 422 Stainless Sieef-Heat Nurrber#2053
T531_600#13
Stress vs Strain

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Tem perature: 600°C
T531_600#13
Specimen ID
4.0018 in
Length
0.2509 in
D iam eter
Ultimate Tensile Strength 64.4 ksi
61.4 ksi
Yield Strength
44.74 %
%Elongation
8 8 .1 2 %
% Reduction in Area

120
100

S train

Material
: Type 422 SS
Heat N um ber : 2053
Austenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.25hrs and AC
Testing Tem perature: 600°C
T531_600#18
Specimen ID
Length
4.0005 in
D iam eter
0.2510 in
Ultimate Tensile Strength 66.4 ksi
63.2 ksi
Yield Strength
46.28 %
%Elongation
% Reduction in Area
89.53 %

160

Type 422 Stainl^s Steel Heat Nurrt>er#2053
T531_600#18
Stress vs Strain

140

120
100
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0.250

0.300

APPENDIX B: TEN SILE D ATA U SIN G SPECIM ENS TEM PERED FOR 1.75 HOURS
AS A FU N CTIO N O F TESTING TEM PERATURE

Material
: Type 422 SS
H eat N um ber : 2053
Austenitized I hr at I850F and OQ
Tem pered at II5 0 F for I.75hrs and AC
Testing Temp: Room Tem perature
T 53I.5_R T #I
Specimen ID
4.0018 in
Length
0.2509 in
Diam eter
Ultimate Tensile Strength 145.3 ksi
118.1 ksi
Yield Strength
21.54
%Elongation
% Reduction in Area
58J4 9&

160

Type 422 Stainless Steel • Heat Nurrtter « 2053
1531.5_RT#1
Stress vs Strain

140

120
100
80

40

20
0 ----0,000

M aterial
: Type 422 SS
H eat N um ber : 2053
Austenitized I hr at I850F and OQ
Tem pered at I I 5 0 F f o r I.75hrs and AC
Testing Temp: Room Tem perature
T53I.5_R T #2
Specimen ID
Length
4.0005 in
0.2510 in
Diam eter
Ultimate Tensile Strength 145.4 ksi
119.8 ksi
Yield Strength
%Elongation
20.52 9b
% Reduction in Area
58.50 9b

160

0 -I—
0.000

0.050

0100

0150

0.200

0.250

Type 422 Stainless Steel -Heat Nuntter « 2053
T531.5_RT#2
Stress vs Strain

0 050

0.100

0 150
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0.250

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Temp: Room Tem perature
Specimen ID
T531.5_RT#3
Length
4.0012 in
D iam eter
0.2513 in
U ltim ate Tensile Strength 145.1 ksi
Yield Strength
127.6 ksi
%Elongation
2&86 9&
% Reduction in Area
5&69 9&

Type 422 Stainless Sieel-Heat NurrCer # 2053
T531.5_FIT#3

160

e

0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Temperature: 100°C
Specimen ID
: T531.5_100#5
Length
4.0000 in
D iam eter
0.2511 in
U ltim ate Tensile Strength 136.3 ksi
Yield Strength
116.5 ksi
%Elongation
20.08 %
% Reduction in Area
61.17 %

160

0,050

0,100
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0,200
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0.200

0.250

Type 422 Stainless Steel-Heat Number#2053
T531 5_100_5
Stress vs Strain

140

cn

0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
Austenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Tem perature: 100°C
Specimen ED
:T 531.5_100#6
Length
4.0010 in
D iam eter
0.2506 in
Ultim ate Tensile Strength 136.8 ksi
Yield Strength
113.6 ksi
%Elongation
20,55
% Reduction in Area
62.49 %

160

0.050

0.100

0.150

Type 422 Stainless Steel-Heat Nurrber#2053
T531.5_100_6
Stress vs Strain

140
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0.200

0.250

Type 422 Stainless Steel-Heat Nufrtef#2053
T531.5_300_7

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Tem perature; 300°C
Specimen ED
:T 531.5_300#7
3.9970 in
Length
D iam eter
0.2511 in
U ltim ate Tensile Strength 126.1 ksi
Y ield Strength
106.1 ksi
% Elongation
17.70 %
% Reduction in Area
60.40 %

160
140

120
100
80
60
40

20
0 -1—
0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Tem perature: 300°C
Specimen ID
: T531.5_300#8
Length
3.9997 in
D iam eter
0.2505 in
U ltim ate Tensile Strength 125.4 ksi
101.7 ksi
Y ield Strength
% Elongation
17.57%
% Reduction in Area
63.83 %

160

0.050

0.100

0.150

0.200

0.250

0.200

0.250

0.200

0 250

Type 422 Stainless Steel Heat Nufrber#2053
T531.5_300_8
Stress vs Strain

140
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0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Tem perature: 400°C
Specimen ID
: T 5 3 1.5_400#9
Length
4.0002 in
D iam eter
0.2511 in
U ltim ate Tensile Strength 115.0 ksi
Y ield Strength
89.0 ksi
%Elongation
1&47 9&
% Reduction in Area
64.32%

160

0,050

0.100

0.150

Type 422 Stainless Steel-Heat Nurrber # 2053
T531.5_400_9
Stress vs Strain
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M aterial
; Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Tem perature; 400°C
Specimen ID
: T531.5_400#10
Length
3.9902 in
Diam eter
0.2512 in
Ultim ate Tensile Strength 117.8 ksi
93.9 ksi
Yield Strength
%Elongation
1829
% Reduction in Area
6 5 2 7 96

Type 422 Stainless Steel-Heat Nunter#2053
T531 5_400_10
Stress vs Strain

160
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0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Tem perature: 500°C
Specimen ID
: T 5 3 1 .5 _ 5 0 0 # ll
3.9995 in
Length
D iam eter
0.2511 in
Ultim ate Tensile Strength 97.2 ksi
88.4 ksi
Yield Strength
%Elongation
332196
75.61 %
% Reduction in Area
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0.200
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Type 422 Stainless
160
140
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0.250

0.300

S train

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Tem perature: 500°C
Specimen ID
: T531.5_500#13
Length
4.0002 in
D iam eter
0.2505 in
Ultim ate Tensile Strength 9 & 2 k ü
85.9 ksi
Yield Strength
%Elongation
29.25 %
% Reduction in Area
75.43 %

Type 422 Stainless Steel-Heat Number # 2053
T531.5_500_13
Stress vs Strain
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M aterial
: Type 422 SS
Heat N um ber : 2053
Austenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Tem perature: 600°C
Specimen ED
: T531.5_600#12
Length
: 3.9998 in
D iam eter
: 0.2497 in
Ultim ate Tensile Strength 65.8 ksi
Yield Strength
63.7 ksi
45.14%
%Elongation
% Reduction in Area
89.52 %

Type 422 Siainless Steel-Heat N urrter #2053
T531,5_600_12

Stress vs Strain

160
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M aterial
: Type 422 SS
H eat N um ber ; 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 1.75hrs and AC
Testing Tem perature: 600°C
Specimen ED
: T531.5_600#15
Length
: 4.0003 in
D iam eter
: 0.2492
in
Ultim ate Tensile Strength: 66.0 ksi
Yield Strength
: 59.8 ksi
% Elongation
: 39.37 %
% Reduction in Area
: 89.30 %

0.050

0 100

0.150

0 200

0.250

0.300

0.350

0.400

0 450

0.500

Type 422 Stainless SieefHeat Nurrtoer #2053
T531.5_600_15
Stress vs Strain
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0.300

0 350

0.400

APPENDIX C: TENSILE D ATA USIN G SPECIM ENS TEM PERED FOR 2.25 HOURS
AS A FUN CTIO N OF TESTIN G TEM PERA TU RE

M aterial
: Type 422 SS
Heat N um ber : 2053
Austenitized Ih r at 1850F and OQ
Tem pered at 1I50F for 2.25hrs and AC
Testing Tem perature; Room Tem perature
T 532_R T#I
Specimen ID
3.9995 in
Length
0.2510 in
Diameter
Ultimate Tensile Strength 141.8 ksi
Yield Strength
116.0 ksi
%Elongation
20.95 %
60.54 %
% Reduction in Area

160

Type 422 Stainless Sleel-Heal Nurrber *2053
T532_RT_1
Stress vs Strain

120
100

80
60

0 -j—
0 000

M aterial
: Type 422 SS
Heat N um ber : 2053
Austenitized Ih r at 1850F and OQ
Tempered at 1150F for 2.25hrs and AC
Testing Temp: Room Tem perature
Specimen ID
T532_RT#2
Length
4.0010 in
Diameter
0.2508 in
Ultimate Tensile Strength 143.2 ksi
Yield Strength
116.6 ksi
%Elongation
20.98
% Reduction in Area
60.98 %

0 050

0.150

0.200

0250

Type 422 Stainless Steel-Heat Nurrber * 2053
T532_RT_2
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80
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0250

M aterial
: Type 422 SS
H eat N um ber ; 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 2.25hrs and AC
Testing Tem perature: 100°C
T532_100#3
Specim en ID
4.0008 in
Length
0.2509 in
D iam eter
U ltim ate Tensile Strength 135.4 ksi
Y ield Strength
112.2 ksi
% Elongation
2&24 9&
% Reduction in Area
6256

Stress vs Strain
140

100

0.200

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 2.25hrs and AC
Testing Tem perature: 100°C
T532_100#4
Specimen ID
4.0040 in
Length
0.2509 in
D iam eter
U ltim ate Tensile Strength 134.4 ksi
111.2 ksi
Y ield Strength
19.09 %
%Elongation
% Reduction in Area
5^76

160

Type 422 Stainless Sleel-Heal Nurrber # 2053
T532_100_4
Stress vs Strain

140
120

100

0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 2.25hrs and AC
Testing Tem perature: 300°C
Specimen ID
T532_300#5
Length
3.9988 in
0.2512 in
D iam eter
U ltim ate Tensile Strength 124.7 ksi
101.7 ksi
Y ield Strength
% Elongation
1&22 9&
60.70 %
% Reduction in Area

160

0.050

0100

0.150

0.200

0.250

Type 422 Stahtess Steel-Heat Nunber#2053
T532_300_5
Stress vs Strain
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0,250

Material
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 2.25hrs and AC
Testing Tem perature: 300°C
T532_300#6
Specimen ID
4.0018 in
Length
0.2508 in
Diam eter
Ultimate Tensile Strength 125.9 ksi
Yield Strength
101.6 ksi
%Elongation
17.85 %
% Reduction in Area
62.95 %

160

Type 422 Stainless Steel-Heat Nurrber#2053
T532^300_6
Stress vs Strain

140
120

100

I

0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 2.25hrs and AC
Testing Tem perature: 400°C
T532_400#7
Specimen ED
4.0030 in
Length
0.2512 in
D iam eter
Ultim ate Tensile Strength 118.7 ksi
Yield Strength
96.2 ksi
%Elongation
18.75 %
% Reduction in Area
64.59%
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0.200
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0.200

0.250

Type 422 Stainless Steel-Heat Njrrter 2053
T532_400_7
Stress vs Strain

140

120

100

0.000

M aterial
: Type 422 SS
H eat N um ber : 2053
A ustenitized Ih r at 1850F and OQ
Tem pered at 1150F for 2.25hrs and AC
Testing Tem perature: 400°C
Specimen ID
T532_400#8
4.0067 in
Length
0.2512 in
D iam eter
Ultimate Tensile Strength 118.7 ksi
Yield Strength
97.3 ksi
% Elongation
1&46 9&
% Reduction in Area
63.71 %
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0.100

0.050

0.100

160
140
120

0.000

Slrain
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M aterial
: Type 422 SS
Heat N um ber : 2053
Austenitized Ih r at 1850F and OQ
Tem pered at 1150F for 2.25hrs and AC
Testing Tem perature; 500°C
Specimen ID
T532_500#9
Length
4.0008 in
0.2510 in
Diam eter
U ltim ate Tensile Strength 9 8 J k ü
Yield Strength
88.0 ksi
% Elongation
2&30 9&
% Reduction in Area
77.02 %

Type 422 Stainless Sleet-Heat Nurrt>er#2053
T532_500_9

Stress vs Strain

160
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120

100

80
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40
20

0 -—
0.000

Material
: Type 422 SS
H eat N um ber : 2053
Austenitized Ih r at 1850F and OQ
Tem pered at 1150F for 2.25hrs and AC
Testing Tem perature: 500°C
T532_500#10
Specimen ID
4.0012 in
Length
0.2512 in
Diam eter
Ultimate Tensile Strength 97.0 ksi
88.6 ksi
Yield Strength
%Elongation •
27T6 9&
% Reduction in Area
76.73 9b
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0.300

Type 422 Stainless Steel-Heat Nufrt>er#2053
T532_500_10
Stress vs Strain
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Material
: Type 422 SS
Heat N um ber : 2053
Austenitized Ih r at I850F and OQ
Tem pered at 1150F for 2.25hrs and AC
Testing Tem perature: 600°C
Specimen ID
T532_600#1I
4.0032 in
Length
Diam eter
0.2508 in
Ultimate Tensile Strength 66.3 ksi
Yield Strength
64.0 ksi
%Elongation
3&45 9b
% Reduction in Area
89T2 9&
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Type 422 Stainless Sleel-Heal Nurrt)er#2053
T532_600_11
Stress vs Strain
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0.350

0.400

0.450

M aterial
: Type 422 SS
Heat N um ber : 2053
Austenitized Ih r at 1850F and OQ
Tem pered at 1150F for 2.25hrs and AC
Testing Tem perature: 600°C
T532_600#12
Specimen ID
4.0033 in
Length
0.2510 in
D iam eter
Ultim ate Tensile Strength 66.5 ksi
64.0 ksi
Yield Strength
40.47 %
%Elongation
89.42 %
% Reduction in A rea

Type 422 Stainless Steel-Heat NLrt>ef#2053
T532_600_12
Stress vs Strain
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0.400

0.450

0.500

APPENDIX D: C A LCU LA TIO N OF STANDARD D EV IATION OF M EA SU RED
M ECH A N ICA L PARAM ETERS

1.25 hrs Tem pering Tim e

Tem perature

UTS

YS

%E1

%RA

RT

0.2887

0.778888

0.016997

0.224252

100

0.094281

0.910433

0.426641

0.639913

300

0.35

0.85

0.02

0.145

400

0.3

0

0.4

0.8

500

0.05

2.1

1.4

2.15

600

1

0.9

0.8

0.7

Tem perature

UTS

YS

%E1

%RA

RT

0.05

&85

0.51

0.12

100

0.25

1.45

0.235

0.66

300

0.35

2.2

0.065

1.715

400

1.4

2.45

0.09

0.525

500

0.5

1.25

123

0.09

600

0.1

1.95

133

0.11

1.75 hrs Tem pering Tim e
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2.25 hrs Tempering Time

Tem perature

UTS

YS

%E1

%RA

RT

0.7

0.3

0.015

0.22

100

0.5

0.5

0.575

1.4

300

0.6

0.05

0.185

1.125

400

0

0.55

0.145

0.44

500

0.85

0.3

0.43

0.145

600

0.1

0

1.01

0.095
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APPEND IX E: SEM M ICROGRAPHS OF SPECIM ENS TEM PERED FOR 1.25
HOURS AS A FUNCTION OF TESTING TEM PERA TU RE

M aterial

: Type 422 SS

Tem pering Time: 1.25 hrs
Testing Tem p

: Room Tem perature

M agnification

: 35X

M aterial

: Type 422 SS

Tem pering Time: 1.25 hrs
Testing Tem p

: 100°C

M agnification

: 18X
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Material

; Type 422 SS

Tem pering Time: 1.25 hrs
Testing Tem p

: 300°C

M agnification

: 35X

X35 seew m 0 B 0 5 3 3 3 8 S E l

M aterial

: Type 422 SS

Tem pering Time: 1.25 hrs
Testing Tem p

: 400°C

M agnification

: 35X

X35 500W(Yi 0 0 0

Material

I

: Type 422 SS

Tem pering Time: 1.25 hrs
Testing Tem p

: 500°C

M agnification

: 25X

37 3 8 SE I

8 8 8 5 3 7 38 SEI
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Material

J

: Type 422 SS

Tem pering Time: 1.25 hrs
Testing Tem p

: 600°C

M agnification

: 37X

, 15kU

:

■ X37 508w m 0 0 8 5 4 0 3 8 S E I /
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A PPENDIX F: SEM M ICRO G RA PH S OF SPECIM ENS TEM PERED FOR 1.75
HOURS AS A FU N C TIO N OF TESTING TEM PERATURE

M aterial

: Type 422 SS

Tem pering Time: 1.75 hrs
Testing Tem p

: Room Tem p

M agnification

: 35X

M aterial

: Type 422 SS

Tem pering Time: 1.75 hrs
Testing Tem p

: 100°C

M agnification

: 25X
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Material

: Type 422 SS

Tem pering Time: 1.75 hrs
Testing Tem p

: 300°C

M agnification

: 35X

M aterial

: Type 422 SS

Tem pering Time: 1.25 hrs
Testing Tem p

: 400°C

M agnification

: 35X

M aterial

: Type 422 SS

Tem pering Time: 1.75 hrs
Testing Tem p

: 500°C

M agnification

: 50X
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Material

: Type 422 SS

Tem pering Time: 1.75 hrs
Testing Tem p

: 600°C

M agnification

: 43X

15kU

X43 500."r,-, 0005 35 38 SEI
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A PPENDIX G: SEM M ICROGRAPHS OF SPECIM ENS TEM PERED FOR 2.25
H OURS AS A FUNCTION O F TESTING TEM PERA TU RE

Material

: Type 422 SS

Tem pering Time: 2.25 hrs
Testing Tem p

: R oom Tem perature

M agnification

: 35X

M aterial

: Type 422 SS

Tem pering Time: 2.25 hrs
Testing Tem p

: 100°C

M agnification

: 35X

k,
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Materia]

: Type 422 SS

Tem pering Time: 2.25 hrs
Testing Tem p

: 300°C

M agnification

: 35X

M aterial

: Type 422 SS

Tem pering Time: 2.25 hrs
Testing Tem p

: 400°C

M agnification

: 35X

M aterial

: Type 422 SS

Tem pering Time: 2.25 hrs
Testing Tem p

: 500°C

M agnification

: 35X
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Material

: Type 422 SS

Tem pering Time: 2.25 hrs
Testing Tem p

: 600°C

M agnification

: 35X
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